Reduction of interstitial impurities such as nitrogen (N) and oxygen (O) improves the mechanical properties of V-4Cr-4Ti alloys. Yttrium (Y) addition effectively reduces O content by Y 2 O 3 slag-out on the melting ingot surface. The effects of Y addition on mechanical properties were investigated for V-4Cr-4Ti with N ranging from 0.009 to 0.29 mass% and O ranging from 0.009 to 0.36 mass%. The increase in yield stress (YS) and ultimate tensile stress (UTS) for vanadium alloys was saturated above 0.1 mass% in O content, because Ti precipitates increased with increasing O content regardless of Y addition. Y addition had little effect on YS and UTS of V-4Cr-4Ti alloys at room temperature (RT). However, Y addition improved impact properties of alloys highly doped with O. Y addition did not suppress hardening due to O doping but did increase deformation for crack initiation.
Introduction
V-4Cr-4Ti alloy, which is a vanadium-based alloy containing Chromium (Cr) of 4 mass% and Titanium (Ti) of 4 mass%, is a candidate for blanket structural materials for fusion reactor systems because of its low-activation properties, good resistance to neutron radiation damage, and good high-temperature strength [1] . Nitrogen (N) and oxygen (O) have very high solubility limits of 1.7 mass% and 2.7 mass% at 1000
• C in vanadium, and are potent solid solution strengtheners [2, 3] . Carbon (C) has a relatively low solubility limit of 0.047 mass% at 1000
• C in vanadium [3] . Most lots of vanadium contain C in excess of the limit and hence V 2 C precipitates. Interstitial C remains low in vanadium. The mechanical behavior of V-4Cr-4Ti alloys is, therefore, strongly influenced by solid solution hardening due to interstitial N and O impurities, which are possible contaminants during fabrication and under operation conditions. The effect of N and O on ductile-to-brittle transition temperature (DBTT) for pure vanadium has been reported [4] . The content of N or O over 0.1 mass% raised DBTT above room temperature (RT). Previous tensile tests at RT on vanadium demonstrated that for embrittlement (fracture without plastic deformation) the threshold content of N was 0.24 mass% and that of O was 0.48 mass% [5] . It is widely recognized that control of these impurities is essential for workability and author's e-mail: miyazawa.takeshi@LHD.nifs.ac.jp weldability [6] . It has also been clarified that yttrium (Y) addition effectively reduces O content by Y 2 O 3 slag-out on the melting ingot surface [7] . The present study seeks to clarify the effect of Y addition on the mechanical properties of V-4Cr-4Ti alloys with high O and N contents. Table 1 lists the V-4Cr-4Ti alloys used in this study and their chemical composition. V-4Cr-4Ti-0.019O is the reference V-4Cr-4Ti alloy, called NIFS-HEAT-2, which was fabricated by electron beam melting and vacuum arc re-melting in 166 kg scale [8, 9] . NIFS-HEAT-2 is highpurity large scale ingots developed by National Institute for Fusion Science, Japan. Three 15 kg-scale ingots were fabricated by levitation melting [3] . 30 g-scale buttons and a 200 g-scale ingot were fabricated by arc-melting. N and O contents were controlled by adding high-purity TiN powder which was larger than 10 µm and V 2 O 5 powder which was larger than 20 µm. Figure 1 indicates that N content of these materials was systematically changed from 0.009 to 0.29 mass% and that O content was systematically changed from 0.009 to 0.36 mass%. Y 2 O 3 inclusions with 0.5 µm or larger were already observed in the as-melted ingot. They did not decompose during annealing [7] . Two types Ti precipitates were observed in V-4Cr-4Ti alloys; one was fine Ti precipitates which were less than 0.1 µm in size, and the other was large Table 1 Chemical composition for the alloys (mass%). Ti precipitates which were not less than 0.1 µm nor more than 0.5 µm in size [10] . Large precipitates were already present after hot rolling, following melting. In the previous study, annealing as-melted NIFS-HEAT-2 at 950 • C for 3.6 ks resulted in the formation of these precipitates [11] . Fine precipitates were formed at 700
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• C and disappeared at 1100
• C. It is assumed that TiN and V 2 O 5 were decomposed during melting, and then the dissolved N and O were precipitated during fabrication and annealing.
Miniature tensile specimens with a gauge size of 1.2 × 5 × 0.25 mm were used for tensile tests. Miniaturized Charpy specimens were prepared with dimensions of 1.5 × 1.5 × 20 mm, a notch angle of 30
• , and a notch depth of 0.3 mm, so that ligament size was 1.2 mm. The specimens were annealed at 1000
• C for 7.2 ks for V-4Cr-4Ti
alloys, and at 950 • C for 3.6 ks for V-4Cr-4Ti-Y alloys in a vacuum better than 1 × 10 −4 Pa. The grain size of each specimen after annealing was less than 30 µm. Tensile tests were performed at RT at an initial strain rate of 6.67 × 10 −4 s −1 . Microstructural observations were carried out using transmission electron microscopy (TEM). Charpy impact tests were conducted from −196 • C to RT using an instrumented Charpy impact test machine at International Research Center for Nuclear Materials Science, Tohoku University. The crosshead speed of Charpy impact tests was 5 m/s. Fracture surfaces were analyzed using scanning electron microscopy (SEM). Figure 2 plots the dependence of yield stress (YS) and ultimate tensile strength (UTS) on O and N contents at RT. YS and UTS for pure vanadium were also plotted for comparison [2] . Harrod and Gold reported that YS and UTS for pure vanadium linearly increased with increasing O and N contents in this range. The hardening coefficient per unit of O content was 1900 MPa/mass% and that of N content was 2500 MPa/mass%. No precipitates due to O and N doping were observed in the microstructure for pure vanadium; thus, the hardening of pure vanadium was caused by solid solution hardening by interstitial O and N. The dependence of YS and UTS for V-4Cr-4Ti alloys on O and N contents was similar to that for V-4Cr-4Ti-Y alloys. Y addition had little effect on YS and UTS of V-4Cr-4Ti alloys at RT. YS and UTS for the vanadium alloys linearly increased with increasing O content up to 0.1 mass%. The hardening coefficient per unit of O content was 680 MPa/mass%, which was much less than that for pure vanadium. YS and UTS for the vanadium alloys did not increase above 0.1 mass% in O content, but increased gradually with increasing N content up to 0.29 mass%. The hardening coefficient per unit of N content was 120 MPa/mass%. The hardening in V-4Cr-4Ti alloys by N was less than that by O. Figure 3 plots the dependence of uniform elongation (UE) and total elongation (TE) on O and N contents at RT. All the data on UE exceeded 15% in the range of O and N contents in the present study. The previous tensile tests at RT on unalloyed vanadium (pure vanadium) indicated that the threshold content of N for embrittlement (defined as UE = 0%) was 0.24 mass% [5] . Alloying suppressed embrittlement due to N doping. Figure 4 presents bright field TEM images for vanadium alloys doped with O. Statistical analysis for the size distribution of precipitates is presented in Fig. 5 . It has been reported that two kinds of precipitates (fine and large) were observed in TEM images of the NIFS-HEAT-2 specimens annealed at 1000
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Tensile properties
TEM observation
• C [12] . The size of fine precipitates was less than 0.1 µm and that of large precipitates was not less than 0.1 µm nor more than 0.5 µm. These energies are normalized by specimen width (B = 1.5 mm) and ligament size (b = 1.2 mm). In the present study, ductile-to-brittle transition temperature (DBTT) is defined as the temperature where the absorbed energy is half of the upper-shelf energy (USE). Table 2 summarizes 
Charpy impact properties
Discussion
The linear increase in YS is caused by solid solution hardening due to N and O doping. The hardening coefficient for vanadium alloys was smaller than that for pure V because of the formation of Ti-CON precipitates according to the previous study [12] . In a previous study for the effect of impurities after liquid lithium exposure [14] , precipitates were effectively formed even though significant N contamination occurred. It is, therefore, assumed that the hardening coefficient of N doping (120 MPa/mass%) was smaller than that of O doping (680 MPa/mass%). The amount of O in precipitates can be estimated from the total volume of the precipitates. Assuming the precipitates are spherical, the total volume V of precipitates is given as
where N A is the number density of smaller (Peak A) precipitates, N B is the number density of larger (Peak B) precipitates, μ A is the mean size of the precipitates with Peak A, μ B is the mean size of the precipitates with Peak B. Y, Y addition had little effect on YS and UTS of V-4Cr-4Ti alloys. Precipitates in V-4Cr-4Ti alloys were, however, identified as TiO in previous study [12] . Further study is necessary to determine whether TiO 2 precipitates formed.
Coarse In Charpy impact test, Y addition improved absorbed energy in alloys highly doped with O, but did not affect YS below RT. Y addition did not suppress hardening due to O doping, but increased the displacement where crack initiation occurred. These results indicate that Y addition increased the deformation for crack initiation.
The absorbed energies for V-4Cr-4Ti-0.12O alloy decreased because precipitates likely induced crack initiation. It is assumed that precipitates for V-4Cr-4Ti-0.12O alloy could be coarsened or be formed with higher number density, compared with V-4Cr-4Ti-Y-0.27O alloy with 0.06 mass% Y, where the precipitates did not degrade the impact energy. Y addition exceeding 0.3 mass%, however, formed many coarse inclusions, which also degraded the impact energy [16] . It is assumed that residual Y (0.05-0.1 mass%) is appropriate for maintaining favorable impact properties.
Summary
The effects of Y addition on mechanical properties of V-4Cr-4Ti alloys with high O and N contents were investigated. Ti precipitates increased with increasing O, regardless of Y. Y addition had little effect on YS and UTS of V-4Cr-4Ti alloys at RT but improved impact properties in alloys highly doped with O. Y addition did not suppress hardening due to O doping but did increase deformation for crack initiation.
